Tsunami is generated by a sudden deformation of the seafloor, such as uplift and subsidence, caused by fault motion of an earthquake below the seafloor. Numerical simulation of tsunami propagation is frequently used to predict the arrival time and the order of magnitude of the inundation for disaster mitigation purposes. In the propagation process, reflected waves are generated by the change in water depths and influence the tsunami height estimation, in particular in the later phases. In this study, we try to simulate tsunami propagation to accommodate the 2-D varying seafloor topography. In our simulation code, we assume water as a non-viscous fluid. A finite difference method (FDM) is employed using three equations; the equations of continuity, motion, and barotropy. In this study, we simulate the tsunami generation by a sudden change in the water depth and the propagation, using the Pearson approximation to accommodate the spatially varying water depth. We impose the seafloor topography on the basis of the 500m-mesh bathymetry data that JODC (Japan Oceanographic Data Center) provides. We assume a domain included in the data region and simulate tsunami. By using this method, we are able to calculate not only the propagation velocity due to the change in the water depth, but also reflected waves at the same time.
INTRODUCTION
Japan is the country that is surrounded by the sea and is suffered from tsunami. The wavelength of tsunami is so long that it brings a lot of damage widely on land. Tsunami is generated by the deformation of the seafloor with earthquake, crustal motions of the sea bottom, and so on. To prevent damage from tsunami, we should predict the arrival time of it and the height when it goes up on the land.
We frequently use numerical simulation of tsunami propagation to understand those kinds of information. Kajiura(1970) solved the generation and propagation of tsunami, occurred with large scale of the changes of seafloor 1) . Suzuki(2007) made a 3-D simulation of tsunami, imposed the dynamic change of seabed by fault motions as a source of tsunami generation 2) . When tsunami propagates, reflected waves are generated by the change in water depths and influence the tsunami height estimation. In particular, the later phases of tsunami are strongly affected by it. The simulation that is widely used, however, focuses on the prediction of the arrival times and the height of the tsunami propagating first. By introducing the seafloor topography to tsunami simulation, we can show the reflected waves and think about the later phases of tsunami.
In this study, we try to make a simulation code that is able to calculate tsunami propagation considering the 2-D varying seafloor topography. By using this code, then, we simulate tsunami that propagates over the changes of the depth of the sea near Japan.
NUMERICAL METHOD
In order to make a simulation code, we use a finite difference method (FDM) to solve basic equations. Then we introduce the seafloor topography using inequi-spaced grids to the seabed area.
(1) Equations
We use three equations to show tsunami that propagates over the sea; the equations of continuity, motion, and barotropy, which are shown as:
where u and v are the horizontal velocities, w is the vertical velocity, p is the pressure, g is the gravity acceleration, and  is the density of water. (1a), (1b), and (1c) are the equations of motion, (2) is the equation of continuity, and (3) is the equation of baratropy. When we simulate tsunami, we can solve these equations enough, assuming water as non-viscosity fluid, and taking compressibility by acoustic waves into account 3) . We assume the sea stable and minute change work. Considering about (3), (1a), (1b), (1c), and (2) are developed as:
where 0 a is the velocity of sound that is shown as:
Introducing the boundary of the air and the sea, we concider about the balance of the atmospheric pressure and the motions of sea water. We can consider about the boundary condition which is shown as:
where  is the height of tsunami.
We solve the equations of (4a), (4b), (4c) and (5) by finite difference method, and introduce the equation of (7) as the boundary condition of the air and the sea, using the same method as the former ones. In this way, we can simulate the propagation of tsunami in 3 dimensions.
(2) Inequi-spaced grids
We use staggered grids like Figure 1 to calculate the solved equations. These grids keep high precision for calculation code. We assume the grid interval dx=dy=1.5km, and dz=350m, and the number of grids are 60×60×10.
When we think about the boundary of the seabed and the sea water, we have to express the changes of the height of the seafloor. We use 3-D inequi-spaced grids to the boundary. These grids can express the seafloor topography and the tsunami simulation that propagates over the changes of the depth is possible. 
(3) Pearson approximation
When we use inequi-spaced grids described above, there exist some differences of grid intervals. To revise the differences, we use Pearson approximation. We think of a function f(x) and one point i 
and using this, we can solve the equations that are described at 2. (1) on the boundary condition of the seabed and the sea water.
CALCULATION AREA (1) JODC data
We introduce the seafloor topography on the basis of the 500m-mesh bathymetry data that JODC (Japan Oceanographic Data Center) provides. We impose the data of the area near Japan that is shown as Figure 3 . The area is between 140 and 142 degrees east longitude and between 30 and 32 degrees north longitude.
(2) Simulation model
We assume a domain included in the data region.
Then we simulate tsunami in the calculation area. The area is shown as Figure 4 .
To think about the result, we make another model, the depth of which is constant and there is no seabed structure. Then we compare the results about the propagation of tsunami that are calculated with two models. We assume the same source in two models: the seabed that is square at the center of the calculation area uplifts and generates tsunami. The length is 4.5km×4.5km, and the seabed uplifts 1m. The other conditions of our calculation are shown in Table 1 . Intervals of grids to x-y directions
1.5km
Interval of grids to z direction 350m
Interval of time steps 0.1s
The lengths to x-y directions 90km
The maximum depth 3500m
Calculation time 3 minutes Figure 4 The depth of the calculation area. The area size is assumed 90km×90km×3.5km. The source is set at the center of this figure; the range is a square, the length of which is 4.5km on each sides.
Figure 3
The area of the imposed data to our simulation. The area is between 140 and 142 degrees east longitude and between 30 and 32 degrees north longitude, near Japan.
RESULT
The results are shown in Figure 5 . We can observe the difference about the propagations of tsunami. In the simulation with the model with no seabed structure, tsunami propagates in all directions equally. On the other hand, in the simulation with the model that includes seafloor topography, tsunami propagates differently for the direction. And the propagation is slower than that of the former model, and the height of tsunami is higher than that.
Tsunami propagates on the sea under the liner long wave theory. In this theory, the velocity of tsunami becomes slow when it goes over the shallower depth. But the height of it becomes high because of the increased energy of the former waves. So we can say the difference between the two results comes from the seabed structure, and we can show the tsunami that propagates over the changes of the sea depth.
CONCLUSION
In this study, we introduce real seafloor topography near Japan to tsunami propagation, using inequi-spaced grids. This method can simulate both the tsunami propagation and various phenomena that are strongly influenced by the real topography of the seabed, like reflection, scattered waves, and so on. Depending on the accuracy of the simulation, we think the present study can be extended to simulate the tsunami behavior of the later phases that often cause severe tsunami hazard for far-travelling tsunamis once the seafloor topography has been well measured. 
